Few studies of extreme precipitation have been conducted in Northeast China, particularly at multitimescales. We aim to enhance the understanding of changes and variability in extreme precipitation over the past 54 years in this region. We have investigated the potential relationship among extreme precipitation, climate and agricultural drought focusing on several timescales in this region. Thirteen extreme precipitation indices at seasonal, annual, and growing-period scales were estimated on the basis of daily precipitation data from 70 meteorological stations. The results indicate that all extreme precipitation indices that reflect the features of extreme wet events showed increasing trends in spring, and the trends of these indices were almost negative for the other timescales. Spatially, the frequency, duration and intensity of extreme wet events decreased gradually from south to north. The range of influence and the duration of extreme dry events increased continuously in Northeast China. In Northeast China, extreme precipitation was more easily influenced by the polar climate than the monsoon. Furthermore, correlation between the extreme precipitation indices and comprehensive crop failure ratios of agricultural drought disasters (C index) confirmed that agricultural drought was heavily influenced by precipitation anomalies in this area.
INTRODUCTION
Changes in precipitation are considered to be among the most important elements of climate change, and multiple aspects of these changes have been confirmed to vary spatially over regional and global scales (Donat et al. ) . Studies have also indicated that extreme precipitation has increased in frequency in more regions than it has decreased worldwide (Alexander ) . Furthermore, the damage of anomalous precipitation events has affected a wide range of domains, such as society, economics, agricultural and industrial production, and natural ecosystems (Fu et Although such studies are gradually spreading to developing counties, the advancement of these studies cannot yet meet the economic, developmental and agricultural industry needs of these regions (Roy & Balling ; Zhang et al. a) . Therefore, these studies must be expanded to developing countries, particularly in nations that depend on agriculture. Regional precipitation patterns have presented many new features due to continuous global warming, especially in terms of differences in extreme precipitation events (Stott et al. ) . In particular, the impacts of extreme precipitation on crop yields in these regions are more significant and must not be ignored (Bekele et In order to provide a more comprehensive understanding of extreme precipitation in Northeast China, this study was conducted with the following objectives: (1) to modify the extreme precipitation indices, developed by ETCCDMI to explore extreme precipitation at the annual scale, and expand their applicable scope and timescale for application at multi-timescales to reveal the spatiotemporal characteristics of extreme precipitation events in Northeast China;
(2) to originally reveal potential teleconnections among extreme precipitation indices, climate indices and crop failure; and (3) to choose suitable extreme precipitation indices for application in Northeast China.
MATERIALS AND METHODS

Study area
Northeast China is one of the major grain-producing areas 
Methodology
Extreme precipitation indices
Thirteen extreme precipitation indices were used in this study and were classified into three timescales categories: 
where
x represents the data values at times i and j, and n is the number of observational data. The empirical formula for the variance of S that may be impacted by autocorrelation of data is:
where Cor indicates the correction that originates from autocorrelation in the data. The range of the trend (β) is the median of the set of slopes (Equation (5)): Comprehensive crop failure ratios of agricultural drought disasters (C index)
To reveal the potential relationships between extreme precipitation events and agricultural drought, an index that region. So the C index was adopted in this study.
Details of this index were presented in the Drought
Assessment Criteria (http://www.dyswater.gov.cn/News/ News.asp?id=1477). The C index can be obtained with Equation (6):
where I 1 is the ratio between the drought-affected area and the sowing area, I 2 is the ratio of the droughtinundated area to the sowing area and I 3 is the ratio of 
RESULTS AND DISCUSSION
Temporal variation of extreme precipitation
Amount indices
At the seasonal level, very wet days (R95p), extremely wet days (R99p), and total precipitation (PRCPTOT) presented similar change trends, although the fluctuation ranges varied (Table 2 ). In spring, significant rises in R95p and
R99p were detected at rates of 1.40 and 0.87 mm/decade, respectively. Meanwhile, the magnitude of trend for PRCPTOT was 1.65 mm/decade, but the change was not significant. In the remaining seasons, the change trends of the three amount indices were negative, and significant decreas- For the different timescales, the amounts of precipitation ranked from highest to lowest were the annual, growing season, summer, autumn, spring and winter amounts. and winter. These findings also demonstrate that Northeast China had endured more severe extreme wet events in spring, summer, the growing season and annually over the course of the evaluated period of time.
Duration indices
Seven duration indices were applied that can be divided into two categories based on their definitions, which demon- indicates that Northeast China faced more extreme dry events than extreme wet events, and that the occurrence frequency of these events showed increasing trends at all timescales, except for the downward trends detected in spring and winter. This also manifests that the risks of agricultural drought were getting higher in this area. 
Intensity indices
To reveal the trends of change in intensity indices, the MMK test was employed to detect trends in the simple daily intensity index (SDII), maximum 1-day precipitation (R1day) and maximum 5-day precipitation (R5days) at multiple timescales Table 4 ). The ratios of R1day and R5days to PRCPTOT in the corresponding timescales are displayed in Table 5 . These results indicate that the The results of the trend test for the intensity indices at multiple timescales indicate that the frequency of extreme precipitation increased only in spring, whereas the contribution of extreme precipitation to spring precipitation showed a slight decrease. Furthermore, the proportions of R1day and R5days to total precipitation showed significant upward trends in summer and the growing season, which means that particularly in these seasons, Northeast
China experienced more severe extreme precipitation over time.
The temporary features of extreme indices presented that higher frequency of extreme wet events were detected in spring. However, the extreme dry events were more prevalent at the other timescales. Generally, Northeast
China was suffering drier condition that could lead to higher frequency of severe drought events. 
Abrupt change analysis
The mutation test results for the extreme amount indices indicate that significant abruption in winter R95p (2000), winter R99p (1969) and spring PRCPTOT (2007) ( Table 2 ).
The trends of R95p and R99p were found to show more notable decreasing trends after the abruption years. There 
Amount indices
The values of R95p, R99p and PRCPTOT have similar spatial distributions in which values gradually decrease from south to found to have lower increases in magnitude than the drier regions, whereas the trend for the center of Hei Longjiang Province was found to have a higher slope and significance level.
However, the decrease in regional PRCPTOT can be explained by the decreased PRCPTOT in Liaoning and Jilin Provinces.
Duration indices
The spatial distribution of mean values of the duration indices in the growing season are presented in Figure 9 . The mean annual values of R10, R20 and R25 in the growing season decreased gradually from the south to north, and the most notable decreasing trends were detected in Liaoning Province. Moreover, the trend rangeability of the three indices was clearer in Hei Longjiang where the average values of R10, R20 and R25
were lower than those in the other two provinces. In addition, it was easily determined that the duration of extreme wet conditions in Northeast China, represented by the duration indices (R10, R20, R25 and CWD), are far shorter than the duration of dry conditions, which are shown by the CDD and Dry day. Based on comparison of the trend slopes for the duration indices, larger increases in the intensity of dry periods were concentrated in the southern region, whereas larger increases in the wet durations was detected in the north, especially on the Songnen Plain, one of primary grain-producing areas of Northeast China.
Intensity indices
The spatial distributions of the intensity indices are given in Overall, there are three obviously spatial distribution features of extreme precipitation that were shown by the indices. First, the multiple mean annual amount indices and intensity indices gradually decreased from south to north in Northeast China. Second, the wetter region was becoming drier and the drier region was suffering a higher frequency of extreme wet events. Third, the higher frequency of extreme wet events was mainly concentrated in Songnen
Plain.
Correlation analysis
The potential correspondence relationships of 13 extreme precipitation indices were explored with Spearman's rank correlation for all six timescales (spring, summer, autumn, However, the mechanism by which these climactic indices and extreme precipitation events are linked should be investigated in future research.
Correlations between extreme precipitation indices and the C index
The values of the C index increased slightly over 1961-2014, which indicates that the effects of agricultural droughts were more severe in Northeast China, although this increase in the C index did not pass the significance test. Significant correlations were not detected between the extreme Originally, the C index, which is used to reflect the magnitude of agricultural drought disasters at a regional scale, 
